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Drift compression of an intense neutralized ion beam

P. K. Roy, 5. 5. Yu, E. Henestroza, A. Anders, F. M, Bieniosek, J. Coleman,

8. Bylon, W. G. Greenway, M. Leitner, B. G. Logan and W. L. Waldron
Lawrence Berkeley National Laborntory, ! Cyclotron Rood, Berkeley, CA-84720, U.5.4

D. R Welck and C. Thoma
ATK Mission Research, Albuguerque, New Mexico 87110-8946, U.5.4

A. B. Sefkow, E. Gilson, P. . Efthimion and R. C. Davidson
Princcion Plosma Physics Leborotory, New Jersey 68548-0451, U.S.A.
‘(Da.ted: September 1, 2008) :

Longitudinal compression of & tailored-velecity, intense neutralized ion beam hns been demon-
gtrated. The compression tales place in a 1-2 m drift section filled with plasma to provide space-
charge neutrelization. An induction ceil produces a head-to-tail velority ramp that longitudinally
compresges the nentralized beam, enhoneing the beam pesk current by a factor of 50 and producing
a pulse duration of sbout 3 na. This measurement hos been confirmed independantly with two

different dingnostic systems.

PACS pumbers: 28.52, 20.17, 29.70, 20.27, 28.52, 41, 52, 94.50, P4.30

The simultanecus fransverse and longitudinal com-
pression of an ion beam is required to achieve the high
intensities neenssary to crente high energy density metter
and fusicn conditions. A recent driver study for inertial
fusion, for example, requires that 120 Bi+ beams, each of
~50 kJ, be focused anto the target with small focal spot
sizes of radius < 2 mm, and pulse lengths of ~ 10 ns [1, 2].
Simnletione showed that these small spot sizes could be
achieved with plasma neutralization [3, 4]. A scaled ex-
periment, the Neutralized Transport Experiment (NTX)
{5-8], subsequently demaonstrated that an un-neutralized
beam of ssveral centimeter radius can be, compressed
transversely to ~1 mm radius when charge neutralization
by background plasma electrons is provided, in quantite-
tive agreement with the simulation [9, 10]. )

Longitudinal compression of space-charge-dominatad
beams has been studied extensively in theory and simula-
tions [11-16). The compression is initiated by imposing a
linear head-to-tail veloctty tilt to & drifting beam. Longi-
tudinal space-charge forces limit the heam compression
ratio, the ratio of the initial to Anal current, to about
ten in most applications. An experiment with five fold
compression hes been reported [17].

Recent theoretical models and simulations predict that
much higher compression ratios {<100) could be achieved
if beam compression takes place in a neufralized drift
region [18, 19]. To experimentally study the effects of
plasma neuntralization on beam eompression, the Neutral-
ized Drift Compression Experiment {(NDCX) was coo-
structed at the Lawrence Berkeley National Laboratory.
Figure 1 shows a schematic of the NDCX heam Hne. The
NDCX experiment uses the same front end as the earlier
NTX experiment. It consists of a 300 keV, 25-milliamp
K+ beam From an alumino silicate source powered by a
Marx generator. Four pulsed quadrupoles magnets used
in NTX to control the beam envelope {heam radins and
convergence angle) are retained for the present exper-

FIG. 1: Schematic of the NDOX experimental setnp,

iments on NDCX. To provide the head-to-tail velocity
tilt, an induction module with varinble voltage wavelorm
is placed immediately downstream of the last quadrupole
magnet, This is {ollowed by a nentralized drift section
which consists of a one -meter-long plasma colomn pro-
duced by an Al cathodic arc [20]. A diagnestic box is
Ingated st the downstream end of the plesma colwmi.

‘The beam praduced from the source has & 6 ps Aat-top.
The induction tilt voltage ‘carves’ out a ~300 ns segment;
of the Aet-top which compresses longitndinally as it drifts
through the plesma column, The final compressed beam
iy mensured in the downstresm diagnestic box.

The induction cell consists of 14 independently-driven
magnetic cores in a pressurized gas (SFg) region that is
separated from the vacuum by a conventional high volt-
age insulator. Tha wavelorms applied to the 14 eores
inductively add at the aceeleration gap. Each core is
driven by a thyratron-switched modulator, Becanse the
modulator for ench core can be designed to produce dif-
ferent wavaforms snd can be triggersd independently, a
variety of wavelorms can be produced at the acceleration
gap using the 14 discrete building bloclks.

The plaama column is formed by two pulsed aluminum
cothodic are sources located at the downstream cnd.
Each source is equipped with a 457 open-architecture
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FIG. 2: Axial aluminum plasme density in the plasma column
messured with 2 movable probe.

macroparticla filter providing 2 fiow of fully ionized aln-
mizum plasma [2I]. The two plasma fows were pointed
at an angle of 459 towards the solencidel column (~
1k, 7.6 cm diemeter, and 1 m long). A signifieant Fac-
tion (>10%) of the plesma enters the solencid, and drifts
practically unattenuated through the entire column (the
rest of the aluminnm plasma condenses at the wall and
thereby removed from the system). Figure 2 shows the
plasma density measured with a biased probe within the
plasma column. In most of the operating regimes, the
plasma density is at least a factor of 10 higher than the
beam density. At the upstream end of the colurnn, we
have introduced a ‘plasma stopper’ consisting of fwo op-
posing dipoles of ~1k{Z each, which inhibit the motion of
plasma upstream into the induetion gap and quadrupole
focusing sections. A second plasma eolumn consisting of
a meter-long ferro-electric plasma source that does not
require solencidal confinement has been constructed and
iz tndergoing experimental tests.

A phototube diagnostic [22] is used to measure berm
pulse compression with and withont nentralization by
beckground plasme. The optical gystem iz besed on o
Hamamatsn phototube with Fast (sub-ns) response which
is coupled to 2 B0O0-MH2 ozcilloscope. The beam pulsa is
measured by nsing the phototube to collect the optieal
photon Rux from an sluminum oxide scinkillator placed in
the path of the beamn. The time response of the scintilla-
tor is fust enough to make measurernents oo a nanosepond
time scale. Small amounts of stray light emitted by the
plasma over long periods of time (100s of ps) can drain
the bias charge in the phototube's internal power sup-
ply, and thus spoil $he gein of the phototube during the
heam pulse. Thir background plasma light is blocked
from entering the phototube by an electzo-optic gated
shutter (Displaytech) that opens just before the benm
pulse arrives at the seintillator. "The scintillator itself is
not sensitive to low-energy plasma electrons. As a result,
we have been able to obtain beam pulse compression data
with minimal interference from the neutralizing plasma.

A second diagnostic, s Faraday cup, is used for men-
surements of the ciorent. The Faraday cup is speeinlly
designed [23] to function in a plasma eavironment and
to have good time resolution. It consists of hole plates
with hole sizes comparable to the Debye length, in crder
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FIG. 3: Induction module voltege wavelorms produced by
verying the timing of the modulators.
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FIG. 4: Neutralized drilt-compreased beam current with the
voltage wavelorms in Fig.3.

to prevent plasma from entering into the cup. The cup
geometry and external circnitry are oplimized {o assure
fagh time response (~3ns).

‘When the tilt voltage waveform is tumed on, beam
bunching is observed in the downstream diagnostie box
The degree of bunching, as well a5 the pulse shape, shown
in Fig. 4, is clearly correlated with the voltage wave-
form, shown in Fig. 3. Theory specifies the ideal voltage
weveform required to produce an exactly linear (versus
z) velocity ramp [18, 18]. The 4ilt core waveform was
optimized to obtain a rather close approximation to the
ideal wavelorm as shown in Fig. 5. For o given voli-
age waveform, the position of maximal compression is
changed as the beem energy is varied. A scan in beam
energy demonstrates this behavior and is shown in Fig.
6.

Thus the maximum compression is observed by fne
tuning the beam energy to match the voltege waveform
and precisely position the longitudingl focal point at the
dingnostic location. This is shown in Fig. 7. The ~
50 fold compression ratio, [see Fig. 7{b}), iz obtained by
taking the ratio of the signal with #ilt voltage on (with
compression) to the signal with it voltage off (without
compression) [see Fig. 7(a)]. A similar result is measured
with the Faraday cup as shown in Fig. 8. The LSP
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FIG. 5: Experimentally optimized and idesl induction maduls
voltage wavaforms. .
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FIQ. 6: Compressed beam current pulses using a nominal tilt
care voltage waveform as the beam epergy i5 veried, -

simulation under these experimental conditions is sh
in Fig. 9. ; :

The strong efects of neutralization are svident by com-
paring the compression ratio with the plaama turned on
and off. Figure 10 shows that the pesk current is sig-
nificantly reduced when the plasma is turned off. LSP
simulations under similar conditions show' qualitatively
similar results, -

Optical imaging has also been deployed to measure the
transverse beam size as a function of time. We are able
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FIG. 7t (z) Mensurements of beam signa! using the phototube
diagnostic for neutralized non-compressed, and neutralized
compressed beams, and (b} compression ratio obtained from
the measurements, ’ )
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FIG. B: Neutralized drifl compression messurement using the
TFareday cup.
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FIG. 9: L8P simulation of nevtrolized drift compression of a
25 mA X* besm using an ideal velocity tilt core waveform.

to measure the images with 2 1 ns time resolution. It
is interesting to observe that the transverse spof size is
larger at the point of maximal compression, as shown in
the Figa. 11(a) and 11(h). This feature iz due to time.
dependent defocunsing effects occurting ak the induction
gap. ‘The theory and simulations of this effect will be
repaorted alsewhere. ‘

Theory predicts that the nature of berm compression
is strongly dependent on the drilt length [1B]. As the
length is incressed, the compression is more sansitive to
the depree of nentralization. It is also more sensitive to
the intrinsic longitudinal temperature of the ion beam.
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FIG. 10: Experimental data and L3P simulstion of heam
compression with neutralization (plasme source on) and with-
out neutralization {plasma source off}.
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FIG. 11: Transverse images of neukralized compressed heam:
(a) optical profile, aod (b) beam radius. Note that the beam
radius has increosed at the point of maximum comprassion.
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FI(. 12: Comparison of beam compression bebween experi-
ment and LSP simulstion for the 2-m long plasma column.

Finally, if there are any instabilities, e.g. two-stream,
they may become evident with longer drift lengths. Al-
thongh theory predicts two-stream effects to be bénign,

a1 experimental confirmation would be desirable.

For the above reasons, we have performed additional
experiments with the drift length with plasma extended
to two meters. We were able to recover the 50-foid com-
pression in the 2-m experiment as shown in Fig. 12. The
corresponding LSP simlation is also shown. If the com-
pressed pulse lenzth &; were dominated by the longitu-
dinal heam temperature Ti, t, would be appreximately
given by

_ L {20
tP - ”12 Y (1}
which yield roughly 3 ns for T} < 1eV, where v, I
M and k are the meen longitudinal beam velocity, drift
length, mass ofion snd Boltzmenn constant, respectively.

On the besis of this two-meter experiment we conclude
that: 1) the degree of charge neutralization is sufficient to
achieve 50 fold longitudinal compression while avoiding
spuee-charge blow-up of the beam for the experimental
configuration investigated; 2) the intrinsic longitudinal
temperature is < 16V; and 3) oo collective instabilities
have been observed.
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